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Edited by Robert BaroukiAbstract We report the identiﬁcation of bovine miRNAs by
cloning small RNAs from adipose tissue and the mammary
gland. Fifty-nine distinct miRNAs were identiﬁed, ﬁve of them
were not homologous to known mammalian miRNAs, and many
of them had 3 0 and/or 5 0 end variants. Ribonuclease protection
assays indicated that miR-23a and miR-24, whose genes are clo-
sely located on the same chromosome, were co-expressed in dif-
ferent tissues. The assays also suggested a role for several
miRNAs in the mammary gland and a role for miR-133, a pre-
viously known skeletal and cardiac muscle-speciﬁc miRNA, in
the rumen, an organ unique to the ruminant.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Rumen1. Introduction
MicroRNAs (miRNAs) are a new class of small RNA mol-
ecules (22 nucleotides) that inhibit translation or induce deg-
radation of protein-coding mRNAs that contain
complementary sequences to miRNAs [1–3]. Mature miRNAs
are processed from 70 nucleotides (nt) long precursor miR-
NA (pre-miRNAs) that form hairpin secondary structures
and that are often evolutionarily conserved [1,2]. Pre-miRNAs
are transcribed from miRNA genes [4]. Although the speciﬁc
biological roles of most miRNAs are still unknown, functional
characterizations of a few of them suggest that these small
RNA molecules are involved in many processes of animal
development and physiology [5,6]. For example, miRNA-122
(miR-122) controls liver cholesterol metabolism [7,8], and
miR-1 and miR-133 control cardiac and skeletal muscle devel-
opment [9,10]. Several miRNAs have been also linked to can-
cers and viral infection [11].
It is predicted that a given genome encodes 1000 miRNAs
[12] and that these miRNAs collectively control the expression
of 20–30% of the genes in a genome [13,14]. Since the discovery
of the ﬁrst miRNA lin-4 in Caenorhabditis elegans [15], thou-
sands of miRNAs have been identiﬁed experimentally or com-
putationally from a variety of species [16]. Here we report the*Corresponding author. Fax: +1 540 231 3010.
E-mail address: hojiang@vt.edu (H. Jiang).
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novel miRNAs, from cattle, a ruminant and an agriculturally
important species. We cloned these bovine miRNAs from adi-
pose tissue and the mammary gland because miRNA cloning
from these two important tissues had not been attempted be-
fore in any species.2. Materials and methods
2.1. Materials
Restriction enzymes, T4 RNA and DNA ligases, T7 and Sp6 RNA
polymerases, and other molecular biology enzymes were purchased
from New England BioLabs (Beverly, MA) or Promega (Madison,
WI). Plasmid and DNA gel puriﬁcation kits were from QIAGEN
(Valencia, CA). All oligonucleotides (oligo) except the ‘‘modban’’ 3 0
linker were synthesized by Operon Technologies, Inc. (Alameda,
CA). The RPAII kit was from Ambion, Inc. (Austin, TX). Sephadex
Columns for probe puriﬁcation were from Roche Diagnostics Corp.
(Indianapolis, IN). All other reagents were purchased from Sigma
(St. Louis, MO) or Fisher Scientiﬁc (Pittsburg, PA) unless otherwise
indicated.
2.2. Tissue collection and RNA extraction
Adipose, mammary gland, and other bovine tissues were collected
from two non-pregnant and non-lactating Holstein cows at a slaugh-
terhouse. Tissues were immediately frozen in liquid nitrogen and
stored at 80 C until use. Total RNA from tissues was extracted
using Tri Regent from Molecular Research Center, Inc. (Cincinnati,
OH). RNA concentration and integrity were determined by spectro-
photometry and standard RNA gel electrophoresis.
2.3. Small RNA cloning and sequencing
cDNA libraries for small RNAs from the bovine adipose tissue and
the mammary gland were constructed according to published miRNA
cloning protocols [17–19]. Brieﬂy, about 0.75 mg of total RNA, pooled
equally from two cows, was separated on 15% polyacrylamide gels.
The RNAs between 17 and 27 nt long were eluted from the gels and
ligated to the ‘‘modban’’ 3 0 linker, AMP-5 0p5 0pCTGTAGGCACCA-
TCAATdi-deoxyC-3 0 (IDT DNA Technologies, Coralville, IA), using
T4 RNA ligase. The ligated RNAs (40 nt) were eluted from 12.5%
polyacrylamide gels and ligated to the ‘‘Nelson’’ 5 0 linker, 5 0-ATCG-
Taggcacctgaaa-3 0, where nucleotides in lowercase were RNA. The 5 0-
and 3 0-linked RNAs (57 nt) were reverse-transcribed to cDNA using
the ‘‘BanOne’’ primer, 5 0-ATTGATGGTGCCTACAG-3 0, where the
underlined is a BanI restriction site. The cDNA products were ampli-
ﬁed under 20 cycles (96 C · 10 s, 50 C · 60 s, and 72 C · 20 s) of
PCR using the ‘‘BanOne’’ primer and the ‘‘BanTwo’’ primer, 5 0-
ATCGTAGGCACCTGAAA-3 0, where the underlined is a BanI
restriction site, and 2 · PCR Master Mix (Promega). The PCR prod-
ucts of 60 bp were isolated from agarose gels and cloned into the
pCR2.1 TOPO vector using a TOPO cloning kit (Invitrogen, Carlsbad,
CA). Colonies were randomly selected from the libraries and plasmids
were puriﬁed and analyzed for inserts by restriction digestion. The
plasmids that contained cDNA inserts were sequenced (Virginiablished by Elsevier B.V. All rights reserved.
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mer. The sequences between the two BanI restriction sites were ex-
tracted and subject to the following sequence analysis.2.4. Small RNA sequence analysis
The small RNA sequences were ﬁrst compared with the sequences in
miRBase (http://microrna.sanger.ac.uk/sequences/). A bovine sequence
that had less than two mismatches (or >90% identity) with mammalian
miRNAs in miRBase was considered as a putative bovine miRNA and
was assigned the same name as for the top match. The remaining se-
quences were compared to the nr database in GenBank, the bovine
mRNA database (Ensembl at http://ensembl.bii.a-star.edu.sg/Bos_tau-
rus/martview), and the bovine EST database (TIGR Cattle Gene Index
(BtGI) at http://www.tigr.org/tigr-scripts/tgi/tc_ann.pl?db=btestand).
If a sequence had a 100% match with an mRNA, rRNA, or a tRNA,
then it was considered as a fragment of a known RNA and was ex-
cluded from further evaluation. All the remaining sequences and the
putative bovine miRNA sequences were aligned with the bovine gen-
ome database in GenBank using BLAST. If a small RNA sequence
had a perfect match with the bovine genome sequence except for the
5 0 or 3 0 end nucleotide, the 75 bp genomic sequence upstream from
the 3 0 end or downstream from the 5 0 end of the miRNA was consid-
ered putative precursor of the matching miRNA and was analyzed for
hairpin structure using the mfold Web server (version 3.2) at http://
www.bioinfo.rpi.edu/applications/mfold/old/rna/form1.cgi [20]. Each
predicted hairpin structure was evaluated for the following miRNA
biogenesis criteria: (1) one arm of the hairpin contains the putative
miRNA; (2) at least 16 nt of the 22 nt putative miRNA sequence
match with the other arm of the hairpin; and (3) it lacks large internal
loops or bulges [21].
Chromosome locations of the predicted miRNA precursors and
whether they were located in intragenic or intergenic genomic regions
were determined by BLAST-searching the Ensembl bovine genome
assembly (Btau_2.0) at http://www.ensembl.org/Bos_taurus/blastview
or the NCBI bovine genome Build 3.1 and other bovine nucleotide dat-
abases at http://www.ncbi.nlm.nih.gov/ if the former search did not
yield expected information, for example, if it did not indicate a chro-
mosome match for a miRNA precursor. An intragenic location was as-
signed if the precursor sequence was located either within a known or
hypothetical gene, or if it matched an expressed sequence tag. Other-
wise, an intergenic location was assigned.Table 1
Identities of cloned small RNA sequences
RNA species Number of sequences
Adipose tissue Mammary gland
Known miRNAsa 133 96
Novel miRNAsb 2 3
rRNAs 6 0
tRNAs 2 0
mRNAs 3 0
Unknownc 8 5
Total sequences 154 104
Total clones picked 175 120
amiRNAs are homologous to known mammalian miRNAs in miR-
Base.
bmiRNAs are not homologous to known mammalian miRNAs.
cSequences do not match any known miRNAs, rRNAs, tRNAs or
mRNAs.2.5. Ribonuclease protection assay of miRNA expression
Ribonuclease protection assay (RPA) was used to analyze the
expression of miRNAs in bovine tissues. The DNA templates for mi-
RNA riboprobes were prepared by annealing a T7 promoter oligo
5 0-TTTAATACGACTCACTATAGGGCGAACGCGT-3 0 with a
miRNA sequence oligo, for example, miR-125a oligo, 5 0-GGATC-
CACTAGTTCCCTGAGACCCTTTAACCTGTGACGCGTTCGCC-
3 0, where the sequence in bold corresponded to the bovine miR-125a
sequence. Similarly, the DNA template for bovine 5S rRNA was made
by annealing the T7 promoter oligo with a 5S rRNA sequence-contain-
ing oligo, 5 0-ATACCACCCTGAACGCGCCCGATCTCGTCTGATC-
TCGGAACGCGTTCGCC-3 0, where the sequence in bold
corresponded to the bovine 5S rRNA. In vitro transcription reactions
of these DNA templates as well as a bovine glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) cDNA plasmid described previously
[22] to generate 32P-labeled antisense probes were performed as
described previously [22]. About 1 · 105 disintegrations per minute
(dpm) of a miRNA antisense probe and 1 · 105 dpm of GAPDH
mRNA antisense probe were hybridized with 20 lg of total RNA
pooled in equal amounts from two cows at 42 C for about 16 h. Ribo-
nuclease digestion, gel-electrophoresis, and phosphoimaging were per-
formed as described previously [23].
The intensities of the ribonuclease-protected probe fragments on the
phosphoimages were measured using ImageJ (http://rsb.info.nih.gov/
ij). The measured abundance of a miRNA in a total RNA sample
was ﬁrst divided by that of the GAPDH mRNA in the same sample
that was measured in the same assay to correct for variation in per-
forming RPA. This value was then multiplied by the GAPDH mRNA
percentage of total RNA in that tissue to obtain relative abundance of
that miRNA (i.e., relative to total RNA amount) in that tissue. The
GAPDH mRNA percentages of total RNA across diﬀerent tissues
were obtained by averaging the GAPDHmRNA abundance data from12 repeated RPAs of the same set of RNA samples. The across-tissue
diﬀerences in GAPDH mRNA abundance were conﬁrmed by an RPA
of GAPDH mRNA and 5S rRNA.3. Results
3.1. Cloning of 54 distinct bovine miRNAs that are homologous
to known mammalian miRNAs
A cDNA library was constructed for the bovine adipose
small RNAs. Sequencing of 175 clones randomly picked from
this library yielded 154 sequences that were at least 13 nt long
(shorter sequences were not meaningful) (Table 1). A cDNA
library was also constructed for the bovine mammary gland
small RNAs. A total of 120 clones from this library were se-
quenced, yielding 104 good sequences. Comparison of these se-
quences to miRBase revealed that 133 of the 154 adipose and
96 of the 104 mammary small RNA sequences were identical
to or diﬀered by only one or two nucleotides from known
mammalian miRNAs (Table 1). These bovine small RNA se-
quences are considered bovine miRNAs and named after their
human or mouse orthologs.
Clustering analysis of the 229 bovine miRNA sequences
from the two libraries revealed 54 unique miRNAs, of which
23 were cloned from the adipose tissue, 9 from the mammary
gland, and 22 were cloned from both tissues (Table 2). Most of
these miRNAs were sequenced from one or two clones from
either library (Table 2). A few of them, for example, miR-
125b, miR-21, let-7b and miR-143, were sequenced from more
than ten clones from either or both libraries (Table 2).
A BLAST search of the bovine genome database in GenBank
revealed potential precursors for 52 cloned miRNAs (Supple-
mental Table 1). Predicted by the RNA folding programmfold,
all of these putative miRNA precursors can form stable hairpin
structures (Supplemental Table 1). Moreover, each predicted
hairpin structure meets the miRNA biogenesis criteria [21], fur-
ther supporting that the corresponding small RNA sequences
are bovine miRNAs. The BLAST search did not reveal precur-
sor sequences for miR-143 and miR-339, likely because the cur-
rent bovine genome database is incomplete.
3.2. Cloning of three putative bovine miRNAs that are not
homologous to any known mammalian miRNAs
The small RNA sequences from clone-m209 and clone-m180
from the mammary gland library were not homologous to any
Table 2
Distinct bovine miRNAs cloned from adipose tissue and the mammary gland
Sequence (50 to 3 0)a miRNAb Number of clones Chromosome locations of putative
miRNA precursorse
Out of 175
adipose clones
Out of 120
mammary clones
UGAGGUAGUAGGUUGUAUAGUU bta-let-7a 7 4 Chr16, 36340189–36340268; Chr15,
20013778–20013849; Chr5,
74085289–74085362
UGAGGUAGUAGGUUGUGUGGUU bta-let-7b 11 Chr5, NW_001495117, 709588–709729
UGAGGUAGUAGGUUGUAUGGUU bta-let-7c 1 Chr1, 11909749–11909832
UGAGGUAGGAGGUUGUAUAGU bta-let-7e 1 ChrUn, NW_001503651, 51656–51734
UGAGGUAGUAGAUUGUAUAGUU bta-let-7f 1 1 Chr16, 36340542–36340628; ChrX,
26924289–26924371
GUAGUUUGUGCUGUUA bta-let-7i 1 Chr5, 32330087–32330170
UACAGUACUGUGAUAACUGAA bta-miR-101 7 Chr8, 18465465–18465543
GCAGCAUUGUACAGGGCUAUGA bta-miR-103 2 3 Chr20, NW_001493913,
257702–257773;
Chr13, 33903178–33903253
ACCCUGUAGAACCGAAUUUGU bta-miR-10b 1 Chr2, 16971899–16971996
UCCCUGAGACCCUUUAACCUGUG bta-miR-125a 4 ChrUn, NW_001503651, 52155–52240
UCCCUGAGACCCUAACUUGUGA bta-miR-125b 12 10 Chr15, 20062846–20062928; Chr1,
11959193–11959277
CGUACCGUGAGUAAUAAUGCG bta-miR-126 8 4 Chr11, NW_001493007,
120160–120088
CAUUAUUACUUUUGGUACGCG bta-miR-126* 3 Chr11, NW_001493007,
120160–120088
ACCACAGGGUAGAACCACGGACA bta-miR-140 1 Chr18, 30537161–30537254
CCCAUAAAGUAGAAAGCACUA bta-miR-142-5p 1 Chr19, NW_001493648, 1061191–1061105
CAUAAAGUAGAAAGCACUACUA bta-miR-142b 1 Chr19, NW_001493648, 1061191–1061105
UGAGAUGAAGCACUGUAGCUC bta-miR-143 5 12 Sequence unavailable
GUCCAGUUUUCCCAGGAAUCCCU bta-miR-145 1 1 Chr7, 42137672–42137759
UCAGUGCAUCACAGAACUUUGU bta-miR-148b 1 Chr5, 16485572–16485661
UAGCAGCACAUAAUGGUUUGU bta-miR-15a 1 Chr12, 8339856–8339938
AUAGCAGCACAUCAUGGUUUAC bta-miR-15b 2 1 Chr1, 70883237–70883334
UAGCAGCACGUAAAUAUUGGCG bta-miR-16 1 1 Chr1, 70883385–70883477
CAAAGUGCUUACAGUGCAGGUAG bta-miR-17-5p 2 Chr12, 33238923–33239006
CAACGGAAUCCCAAAAGCAGCUGA bta-miR-191 2 2 Chr22, 40015883–40015973
UAGCAGCACAGAAAUAUUGGCA bta-miR-195 5 7 Chr19, NW_001493664, 1407302–1407216
CCCAGUGUUCAGACUACUUGUUC bta-miR-199a 2 Chr16, 135456–135353
ACAGUAGUCUGCACAUUGGUUA bta-miR-199a* 3 3 Chr16, 135456–135353
CCCAGUGUUUAGACUAUCUGUUC bta-miR-199b 2 1 Chr11, 78139128–78139227
UGUGCAAAUCUAUGCAAAACUGA bta-miR-19a 1 Chr12, 33238643–33238724
UGUGCAAAUCCAUGCAAAACUGA bta-miR-19b 1 Chr12, 33238341–33238427
UUCCCUUUGUCAUCCUAUGCCU bta-miR-204 1 Chr8, NW_001495454, 241775–241666
UCCUUCAUUCCACCGGAGUCUG bta-miR-205 1 Chr16, 50480698–50480766
UAGCUUAUCAGACUGAUGUUGAC bta-miR-21 21 18 Chr19, 5066560–5066631
CUGUGCGUGUGACAGCGGCU bta-miR-210 1 Chr29, 45757716–45757813
ACAGCAGGCACAGACAGGCAGU bta-miR-214 2 1 Chr16, 28318549–28318658
AUCACAUUGCCAGGGAUUUCCA bta-miR-23a 2 4 Chr7, 8206949–8207021
AUCACAUUGCCAGGGAUUACCAC bta-miR-23b 3 1 Chr8, 44319654–44319740
UGGCUCAGUUCAGCAGGAACAG bta-miR-24 1 Chr7, 8206621–8206692
CAUUGCACUUGUCUCGGUCUG bta-miR-25 1 Chr25, 33177509–33177592
UUCAAGUAAUCCAGGAUAGGAA bta-mir-26a 3 2 Chr5, 34389084–34389167
UUCACAGUGGCUAAGUUCUGC bta-mir-27b 1 Chr8, 44319421–44319517
UAGCACCAUCUGAAAUCGGUU bta-mir-29a 1 1 Chr4, 51095465–51095528
UAGCACCAUUUGAAAUCGGUUA bta-mir-29c 1 Chr16, 55176354–55176441
UGUAAACAUCCUACACUCAGCU bta-mir-30b 2 1 Chr14, NW_001493189, 128395–128482
UGUAAACAUCCCCGACUGGAAGCU bta-mir-30d 1 Chr14, NW_001493189, 124051–124120
GCCCCUGGGCCUAUCCUAGAA bta-mir-331 1 Chr5, 17286070–17286159
UACCUGUCCUCCAGGAGCUCA bta-mir-339 4 2 Sequence unavailable
UCUCACACAGAAAUCGCA bta-mir-342 1 Chr21, 44631640–44631733
UGGCAGUGUCUUAGCUGGUUGU bta-mir-34a 1 Chr16, 30629104–30629210
UAAUGCCCCUAAAAAUCCUUAU bta-mir-365 1 Chr25, 14909585–14909671
UUAUAAUACAACCUGAUAAGUG bta-mir-374 1 Chr24, 5969166–5969237
CAGCAGCACACUGUGGUUUGUA bta-mir-497 3 1 Chr19, NW_001493664,
1407636–1407525
UACCCAUUGCAUAUCGGAGCUG bta-mir-660 1 ChrX, NW_001508799,
308008–308087
CACCCGUAGAACCGACCUUGCG bta-mir-99b 1 ChrUn, NW_001503651,
51488–51547
CUAUACAAUCUACUGUCUUUCU Clone-m261c 1 Chr16, 36340184–36340273; Chr5,
74085278–74085373
(continued on next page)
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Table 2 (continued)
Sequence (50 to 3 0)a miRNAb Number of clones Chromosome locations of putative
miRNA precursorse
Out of 175
adipose clones
Out of 120
mammary clones
GACACAAGGGUUUGUCUGUAGGCACCUGAAA Clone-m209c 1 Sequence unavailable
AGAGCUACAUUUCAGGUGCG Clone-m180c 1 Sequence unavailable
CCUCAGUCAGCCUUGUGGAUGU Clone-a122d 1 ChrX, NW_001508719, 424368–424442
GGGCCGUGCGCGGGGUCUGC Clone-b30d 1 ChrUn, NW_933847.1, 135–194
aMany miRNAs had variants that diﬀered in the 30 and/or 5 0 end. The sequence shown was either the most frequently sequenced or the longest if all
variants had similar frequencies in the library. For a complete list of sequence variants, see Supplemental Table 1.
bmiRNA was named after its top match in miRBase.
cThese miRNAs were not homologous to any known mammalian miRNAs.
dThese miRNAs were not homologous to any known miRNAs.
eChromosome locations of the predicted miRNA precursors were determined by searching either the Ensembl bovine genome assembly Btau_2.0 or
the NCBI bovine genome Build 3.1 if they were not speciﬁed in the Ensembl assembly. Chromosome locations based on the former search are
indicated by chromosome (Chr), chromosome number and sequence coordinates, and those based on the latter are indicated by Chr, number or Un
(which means unknown chromosome), GenBank accession number and sequence coordinates.
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Drosophila melanogaster miR-282 (dme-miR-282) and dme-
miR-87 [24,25], respectively (Fig. 1). Therefore, these two
small RNA sequence might be the bovine miR-282 and mi-
R-87. Another mammary small RNA sequence, the sequence
from clone-m261, was homologous to miRNA let-7a in the
reverse direction (Fig. 1). A precursor evaluation revealed that
this small RNA sequence and let-7a are likely generated from
the 3 0 and 5 0 arms, respectively, of the same hairpin structure
(Fig. 1). We therefore considered the small RNA sequence
from clone-m261 the bovine miRNA let-7a-3p. Accordingly,
the previously annotated miR-let-7a should be renamed
miR-let-7a-5p. The current bovine genome sequence database
does not contain genomic sequences for the miRNA sequences
from clone-m209 and clone-m180, preventing a precursor
structure evaluation for them.
3.3. Cloning of two putative bovine miRNAs that are not
homologous to any known miRNAs
Comparison of the 21 small RNA sequences from the adi-
pose library that had no match in miRBase to the sequencedme-miR-282  5’-AAUCUAGCCUCUACUAGGCU
clone-m209            5’-GACACAAGGGU
dme-miR-87            5’-UUGAGCAAAAU
Clone-m180             5’-AGAGCUACAU
bta-let-7a        5’-UGAGGUAGUAGGUUG
U   GU         
UGGGA GAG  AGUAGGUUG
AUCCU UUC  UCAUCUAAC
- UG         
Clone-m261      3’-CU UUCUGUCAUCUAAC
bta-let-7a        5’-UGAGGUAGUAGGUUG
U   GU         
GGG GAG  AGUAGGUUG
UCC UUC  UCAUCUAAC
U   UG       
Clone-m261 3’-CUUUCUGUCAUCUAAC
Fig. 1. Evidence supporting that the bovine sequences from clones m209, m1
are homologous to D. melanogaster miR-282 and miR-87, respectively. T
miRNAs. The bovine small RNA sequence from clone m261 can be predicted
(Chr16, 36340184–36340273; Chr5, 74085278–74085373), from which the
alignment are indicated in bold.databases in GenBank indicated that 11 of them were rRNA,
tRNA, or mRNAs and that the remaining 10 did not belong to
any annotated sequences (Table 1). The 5 small RNA
sequences from the mammary library that had no match in
miRBase did not match any other known RNA sequences in
GenBank (Table 1). Seven of these 15 unknown small RNA
sequences also had no match in the current bovine genome
database. The remaining 8 sequences, 4 from the adipose tissue
and 4 from the mammary gland, matched the bovine genome
sequence database, and their precursors were predicted. As
shown in Fig. 2, the precursor sequences for the small RNA
sequences from clone-a122 and clone-b30 (both from the adi-
pose library) can form hairpin structures that meet the miRNA
biogenesis criteria. Therefore, these two small RNA sequences
may be novel miRNAs. The human genome contains a se-
quence (GenBank Accession No. NT_011726.13, from
2043105 to 2043166) 83% identical to the predicted bovine pre-
cursor for clone-a122, suggesting that a miRNA homologous
to clone-a122 might be also expressed in humans. The human
genome does not contain sequence homologous to the bovine
miRNA from clone-b30.UUGUCUGU-3’             28 
UUGUCUGUAGGCACCUGAAA-3’ 31 
UUCAGGUGUG-3’  21 
UUCAGGUGCG-3’  20 
UAUAGUU-3’
       UUAGG|  ACA    C
UAUAGUU     GUC   CCCA C 
AUAUCAA     UAG   GGGU A 
       -----^  A--    C
AUAUC-5’
UAUAGUU-3’
       ---------|     U
UAUAGUU         UGGGGC \ 
AUAUCAA         GUCCCG C 
       UAGGGUAUC^     U
AUAUC-5’
80 and m261 are miRNAs. The sequences from clones m209 and m180
hese two sequences are not homologous to any known mammalian
to be generated from the 3 0 arms of two hairpin structured precursors
5 0 arms encode miRNA let-7a. The identical nucleotides within an
Clone-a122   5’-CCUCAGUCAG-CCUUGUGGAUGU-3’
CC        -|   G       AU-   CU
GAAAA UCAGUCAG CCUU UGGAUGU   GUU  \ 
CUUUU  AGUCAGUC GGAG AUCUACA   CAG  G 
     AA        A^   -       GUC   AC
    (ChrX, NW_001508719, 424368-424442) 
Clone-b30 5’-GGGCCGUGCG-CGGGGUCUGC-3’
G   G-   G U      G   U
CCGGGGCC UGC  CGG G CUGCCG CCG C 
GGCCUUGG GCG  GCC C GGCGGC GGC G 
      -   GG   G -      -   G 
               (ChrUn, NW_933847.1, 135–194)
Fig. 2. The sequences from clones a122 and b30 can be predicted to be
generated from hairpin-structured precursors. The secondary struc-
tures of the putative precursor sequences were predicted by mfold [20].
The putative miRNA sequences from the two clones are indicated in
bold. The chromosome locations of each predicted precursor are
indicated in parentheses under the hairpin structure.
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Sequence alignment revealed that many bovine miRNAs
had end variants that were apparently generated from the same
precursor (Supplemental Table 1). Most of them diﬀered in the
3 0 end nucleotide(s) and a small percentage of them diﬀered in
the 5 0 end (Supplemental Table 1). For example, a total of ﬁve
variants were identiﬁed from 38 clones for miR-21 and all
these ﬁve variants diﬀered in the 3 0 end (Fig. 3). Another exam-
ple is that four variants were identiﬁed from 22 clones for mi-
R-125b, two of them being 3 0 end variants and two of them
being 5 0 end variants (Fig. 3). A few variants were noticed to
be signiﬁcantly shorter than average miRNAs. For example,
a 5 0 truncated miR-125b variant, sequenced from two clones,
was only 13 nt long (Fig. 3). Most miRNA end variants ap-
peared to be various 3 0 or 5 0 truncations of their precursors
(Fig. 3 and Supplemental Table 1). Some 3 0 end variants,
however, contained nucleotide(s) that did not belong to their
precursors. For example, the 3 0 end nucleotide A of UAG-
CUUAUCAGACUGAUGUUGACA, a miR-21 variant, is
not present in its precursor (Fig. 3).
3.5. Clustering of the bovine miRNA genes
A comparison of the chromosome locations of the predicted
precursors for the cloned bovine miRNAs revealed that somebta-miR-21 variants             UA
    UA
    UA
    UA
    UA
bta-miR-21 precursor       UCGGGUA
(C
bta-miR-125b variants           UC
    UC
    AUC
      
bta-miR-125b precursors    CUCAAUC
                               (Ch
                        CCUAGUC
                                (C
Fig. 3. Alignment of miR-21 and miR-125 variants with their putative precu
variants were identiﬁed from 22 clones for miR-125b. The number of clones f
sequence of mature miRNA in the corresponding precursor is indicated in bol
in the parentheses under the precursor sequence. Note that there are two prof the miRNA genes are closely located on the same chromo-
some. We grouped the miRNA genes in the same cluster if they
are less than 1000 bp apart on the same chromosome, and
identiﬁed seven such clusters (Table 3). Each cluster contained
two or three miRNA genes and the seven clusters together
contained 16 of the 63 miRNA precursor genes (Supplemental
Table 1). Four miRNA gene clusters, mir-19a-mir-19b-mir-17-
5p, let-7a-let-7f, mir-24-mir-23a, and mir-99b-let-7e-mir-125a
(Table 3), have been also identiﬁed in the human genome
[17,19,24].
3.6. Expression analysis of selected miRNAs in bovine tissues
The expression of 12 miRNAs in 13 diﬀerent bovine tissues
was analyzed using RPA. These miRNAs included miR-21,
-23a, -101, -125a, -125b, -143, and -339, which appeared to
be expressed at relatively high levels in adipose or mammary
gland based on the numbers of clones containing them in the
libraries (Table 2), and miR-24, whose gene belongs to the
same cluster as the miR-23a gene (Table 3). These miRNAs
also included the two putative novel miRNAs from clone-
a122 and clone-b30, and miR-122 and miR-133, the miRNAs
that have been shown to be expressed exclusively in liver and
muscle, respectively, in other species [8,9] and hence were good
controls for the assay.
As shown in Fig. 4, miR-122 was only detected in liver and
miR-133 was not only detected in heart and the skeletal mus-
cle, but also in the rumen. miR-21,-23a, -24, -125a, -125b, -143,
and -339 were detected in adipose tissue, the mammary gland
and some other bovine tissues (Fig. 4). The RPA did not reveal
the expression of miR-101 in the mammary gland or any other
bovine tissues examined (image not shown), perhaps because
this miRNA is expressed at too low levels to be detectable
by RPA. The miRNAs from clone-a122 and clone-b30 were
detected in several tissues including adipose tissue (Fig. 4), fur-
ther supporting that these two sequences are bovine miRNAs.
Interestingly, the miRNA from clone-122a appeared to be
more abundant in the skeletal muscle than in other tissues
(Fig. 4).
The miRNA expression levels indicated by the RPA (Fig. 4)
are in general not consistent with their frequencies of being se-
quenced from the libraries (Table 2). For example, miR-21 was
barely detectable in RPA (Fig. 4A) but it was sequenced fromGCUUAUCAGACUGAUGUUGA  (19) 
GCUUAUCAGACUGAUGUUGAC (15) 
GCUUAUCAGACUGAUGUUG    (2) 
GCUUAUCAGACUGAUGUUGACA (1) 
GCUUAUCAGACUGAUGUUGAA  (1) 
GCUUAUCAGACUGAUGUUGACUGUUG
hr19, 5066560-5066631) 
CCUGAGACCCUAACUUGUGA   (18) 
CCUGAGACCCUAACUUGUGU   (1) 
CCUGAGACCCUAACUUGUGA   (1) 
       CCCUAACUUGUGA   (2) 
CCUGAGACCCUAACUUGUGAUGUUU
r15, 20062846-20062928) 
CCUGAGACCCUAACUUGUGAGGUAU
hr1, 11959193-11959277)
rsors. Five variants were identiﬁed from 38 clones for miR-21 and four
or each variant is indicated in the parentheses beside the sequence. The
d. The chromosome locations of each predicted precursor are indicated
edicted precursors for miR-125b.
Table 3
Bovine miRNA gene clusters
Cluster Chromosome locationsa
mir-15b-mir-16 Chr1: 70883237–70883334 and 70883385–70883477
mir-19b-mir-19a-mir-17-5p Chr12: 33238341–33238427, 33238643–33238724, and 33238923–33239006
let-7a-let-7f Chr16: 36340189–36340268 and 36340542–36340628
mir-24-mir-23a Chr7: 8206621–8206692 and 8206949–8207021
mir-27b-mir-23b Chr8: 44319421–44319517 and 44319654–44319740
mir-195-mir-497 Chr19: 1407302–1407216 and 1407636–1407525 in NW_001493664
mir-99b-let-7e-mir-125a ChrUn: 51488–51547, 51656–51734, and 52155–52240 in NW_001503651
aSee explanations for chromosome locations in Table 2.
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(Table 2), and miR-23 was highly expressed in the adipose tis-
sue based on the RPA but only 2 of 175 clones from the adi-
pose small RNA library contained this sequence (Table 2).
This discrepancy may be not surprising because the miRNA
cloning procedure involved PCR, which can favor some se-
quences over other sequences for ampliﬁcation. The RPA re-
vealed two or more ribonuclease-protected bands for most of
the miRNAs examined (Fig. 4), suggesting that most miRNAs
have variants. Alternatively, some of those bands were gener-
ated due to incomplete digestion of non-speciﬁc sequence
hybrids.
The RPA indicated that miR-23a and miR-24 expression
levels in diﬀerent tissues are highly correlated (P = 0.01,
Fig. 4), suggesting that these two miRNAs are co-expressed
in cattle.4. Discussion
In this study, we have identiﬁed a total of 59 distinct bovine
miRNAs through cloning and sequencing. The identiﬁcation
of the bovine miRNAs should be useful for studying the role
of miRNAs in cattle, an agriculturally important species.
The identiﬁcation of the bovine miRNAs should be also useful
for comparative genomic analysis of miRNA function and reg-
ulation. The majority of the bovine miRNAs cloned in this
study are homologous to known miRNAs in other mammals
[16], supporting the notion that the sequences of miRNAs
are evolutionarily conserved [1,2]. Five of the cloned bovine
miRNAs are not homologous to any known mammalian mi-
RNAs. Although miRNAs can be species speciﬁc [12], these
ﬁve miRNAs, or at least four of them, are probably not cattle
speciﬁc because two of them appear to be homologous to dro-
sophila miRNAs and another two of them appear to have
homologous precursors in the human genome. In other words,
identiﬁcation of ﬁve new miRNAs from cattle suggests that
not all mammalian miRNAs have been identiﬁed, although
extensive miRNA identiﬁcation has been attempted in humans
and rodents.
In this study, we have found that seven groups of miRNA
genes are closely located in the bovine genome. Because closely
located genes may share the same cis-regulatory elements, the
miRNAs within each of these seven groups (mir-15b and mir-
16; mir-17, mir-19a and mir-19b; let-7a and let-7f; mir-23a and
mir-24; mir-23b and mir-27b; mir-497 and mir-195; and mir-
99b, let-7e and mir-125) might be expressed in the same tissues
or at the same developmental or physiological stage in cattle,
and this possibility is supported by the result that miR-23a
and miR-24 were expressed in similar tissue-distribution pat-terns in cattle. In this study, we have also found that the
bovine miRNAs, like those in other species [17,19], have 3 0
and 5 0 end variants. While most of these variants are appar-
ently generated by cleavage of the miRNA duplex at diﬀerent
nucleotides of the same precursor, some 3 0 end variants seem
to derive from nucleotide addition or nucleotide replacement
at the 3 0 end of other miRNAs because the diﬀering nucleo-
tides can not possibly come from their precursors. It is possible
that these nucleotides are added or replaced during the pro-
cessing of the miRNA duplex, which would mean that Dicer,
the enzyme responsible for processing the miRNA precursor
into miRNA duplex [26], has not only nuclease activity but
also RNA polymerase activity. It is also possible that these
nucleotides result from cloning artifacts. Therefore, further
studies will be needed to clarify the generation of those 3 0
end variants of miRNAs. In this study, we have also cloned
miRNA variants that contain only 13 nucleotides, signiﬁcantly
shorter than most known miRNAs. The presence of short vari-
ants of miRNAs is also implied by the presence of multiple
protected bands for the same miRNA in the RPA. It remains
to be determined whether these short miRNA variants are di-
rectly processed from the miRNA precursor or represent deg-
radation intermediates of longer miRNAs and whether they
can still target mRNAs for regulation as long (i.e., 22 nt)
miRNAs.
In this study, we cloned miRNAs from adipose tissue and
the mammary gland in the hope of identifying adipose- or
mammary gland-speciﬁc miRNAs. Ribonuclease protection
assays of the miRNAs that were suggested to be expressed at
high levels in adipose or mammary gland by their cloning fre-
quencies, however, indicated that all of them are expressed in
tissues in addition to adipose tissue or the mammary gland.
The same is probably also true for other miRNAs because
their orthologs in other species were cloned from tissues other
than adipose tissue or the mammary gland [16] and also be-
cause miRNA proﬁling has indicated the expression of most
of them in various tissue types [27,28]. The miRNA expression
analyses, however, do indicate that a few miRNAs, including
miR-21, miR-23a, miR-24, and miR-143, are more abundantly
expressed in the mammary gland than in other tissues, suggest-
ing that these miRNAs may play an important role in the
development or physiology of this tissue. Indeed, a role of
miR-21 in the development of the mammary gland has been
indicated by recent ﬁndings that miR-21 expression is in-
creased in breast tumors and that miR-21 can stimulate cell
growth [29,30]. miR-133 had been shown to be exclusively ex-
pressed in the skeletal muscle and heart and to play an impor-
tant role in the development of these two tissues [9]. In this
study, we found that the bovine miR-133 is expressed in the ru-
men in addition to the two muscle tissues, suggesting that miR-
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Fig. 4. Ribonuclease protection assays of miRNAs in bovine tissues. In each assay, 20 lg of total RNA pooled equally from two cattle for each tissue
was hybridized with antisense probes for one miRNA and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (internal control). (A)
Ribonuclease-protected bands. The bands corresponding to miRNAs, GAPDH mRNA and 5S rRNA are indicated with arrows. Sk., skeletal; S.,
small. Yeast RNA served as a negative control. The unequal tissue distribution of GAPDH mRNA is conﬁrmed by an RPA of this mRNA and 5S
rRNA, whose expression appears to be more stable across diﬀerent tissues than GAPDH mRNA. The tissue distribution pattern of GAPDH mRNA
is also consistent with that revealed in a previous study [22]. (B) Densitometry analysis of ribonuclease-protected bands in (A). The label on the y-
axis, ABU, means abundance relative to total RNA. (C) miR-23a and miR-24 expression in 13 diﬀerent bovine tissues are positively correlated
(P = 0.01), as determined by a regression analysis.
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the rumen, a structure unique to the ruminants. We also found
that the miRNA from clone a122 is expressed at a much higher
level in the skeletal muscle than in other tissues, suggesting that
this novel miRNA may play a particular role in the develop-
ment and growth of the bovine skeletal muscle.
While this manuscript was ready for submission, an online
publication reported the identiﬁcation of 129 bovine miRNAs
through homology search and small RNA cloning from bovine
embryo, thymus, small intestine, and lymph node [31]. Thirty-
four of these 129 miRNAs are identical to the miRNAs iden-
tiﬁed in this study, which were cloned from adipose tissue and
the mammary gland. This partial overlap kind of reﬂects the
fact that some miRNAs are expressed at similar levels in multi-
ple tissues while other miRNAs are diﬀerentially expressed
across tissues or may be even tissue speciﬁc. The 34 overlap-
ping miRNAs do not include any of the potentially novel
miRNAs identiﬁed in either study, suggesting that novel
miRNAs (or miRNAs that have not been identiﬁed) may be
expressed at very low levels or expressed in speciﬁc tissue types.
A given genome is estimated to encode nearly 1000 miRNAs
[12]. The two studies discussed here together have identiﬁed
154 distinct bovine miRNAs. Therefore, many more bovine
miRNAs remain to be identiﬁed.
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